We characterized a Pax gene from the hydrozoan Podocoryne carnea. It is most similar to cnidarian Pax-B genes and encodes a paired domain, a homeodomain and an octapeptide. Expression analysis demonstrates the presence of Pax-B transcripts in eggs, the ectoderm of the planula larva and in a few scattered cells in the apical polyp ectoderm. In developing and mature medusae, Pax-B is localized in particular endodermal cells, oriented toward the outside. Pax-B is not expressed in muscle cells. However, if isolated striated muscle tissue is activated for transdifferentiation, the gene is expressed within 1 h, before new cell types, such as smooth muscle and nerve cells, have formed. The expression data indicate that Pax-B is involved in nerve cell differentiation. q
Introduction
Pax genes encode transcription factors with a DNA-binding paired domain of 128 amino acids located at the aminoterminal end. Additionally, some Pax proteins contain a complete or partial homeodomain. The presence of a third motif, an octapeptide, is further used to classify these proteins into subfamilies (Strachnan and Read, 1994; Mansouri et al., 1996; Callaerts et al., 1997; Balczarek et al., 1997) . Members of the Pax gene family are morphoregulators with crucial roles in development and organogenesis, in particular neurogenesis and myogenesis (reviewed in Tremblay and Gruss, 1994; Mansouri et al., 1996; Callaerts et al., 1997) . Originally discovered as segmentation genes in the fruit¯y Drosophila melanogaster Frigerio et al., 1986) , nine Pax genes have been identi®ed in mouse and humans and all, with the exception of Pax-1 and Pax-9 are expressed in and are required for normal development of the nervous system. In addition, they are playing important roles in the development of various organs as is evident from human congenital aberrations and spontaneous and targeted mutations in mice. One of the well-characterized Pax genes is Pax-6, which plays a critical role in eye development. Mutations in Pax-6 lead to the partial or complete loss of eyes in human Aniridia and mouse Small eye mutants (Hill et al., 1991; . Furthermore, Pax-6 genes of various species were shown to induce supernumerary eyes upon targeted ectopic expression by means of the GAL4-system in Drosophila melanogaster (Halder et al., 1995) . Thus, Pax-6 was identi®ed as the master control gene for eye morphogenesis in higher metazoa (reviewed in Gehring, 1996a Gehring, ,b, 1998 . Pax-6 is also required for development of the pancreas, as is the case for Pax-4 (Sosa-Pineda et al., 1997; St-Onge et al., 1997) . Pax-2 is required in the developing visual and urogenital systems (Sanyanusin et al., 1995; Favor et al., 1996; Torres et al., 1996; Macdonald et al., 1997) . Pax-3 and Pax-7 are involved in myoblast and neural crest development (Bober et al., 1994; Tremblay and Gruss, 1994; Mansouri, 1998; Tremblay et al., 1998) . Pax-5 is important for B-cell development (Urbanek et al., 1994) , and Pax-8 is required in the developing thyroid (Mansouri et al., 1996; Macchia et al., 1998) . Pax-1 and Pax-9 are the only Pax genes not expressed in the nervous system, and are required for normal skeletal development (Koseki et al., 1993; Goulding et al., 1994; Wilm et al., 1998; Peters et al., 1998) . Functions of Pax genes have mostly been characterized in mammals. The multitude of roles played by Pax genes throughout mammalian development raises the question of what may have been ancestral functions of Pax genes. This question can be addressed by the study of Pax genes in animals from other phyla. Pax genes have so far been identi®ed in all phyla. Recently, they were found in Porifera (Hoshiyama et al., 1998) , and Cnidaria (Sun et al., 1997; Catmull et al., 1998; Hoshiyama et al., 1998) . Yeast and plants do not appear to have Pax genes. Pax genes of basal animal phyla can be grouped into two classes: Pax-A and Pax-C genes encode the paired domain whereas both the octapeptide and homeodomain or the octapeptide only is diverged or completely missing. In contrast, Pax-B genes encode all three motifs. The structure of Pax-B genes corresponds to an ancestral Pax gene predicted by Balczarek et al. (1997) and encodes a paired and homeodomain and an octapeptide. We investigated structure and expression of Pax genes in Podocoryne carnea, a hydrozoan (phylum Cnidaria) with a full metagenic life cycle and an established in vitro transdifferentiation system (reviewed in Schmid, 1992) .Cnidaria are the most basal phylum in the animal kingdom in which muscle tissues and a nervous system occur. Both smooth muscle cells and striated muscle cells are present. The well-developed nervous system includes, in some species, sense organs of high complexity. Cnidarians display two main phenotypes, polyp and medusa, which differ considerably in ecology, morphology and ultrastructure. In the class Hydrozoa, most species have both phenotypes. The life cycle of the marine species Podocoryne carnea is composed of three distinct stages (see also Fig.  5A ). In the polyp stage, Podocoryne forms benthic polyp colonies of feeding polyps (gasterozoids) and polyps which asexually produce medusae by budding (gonozoids). The gonochoristic medusae are liberated from the gonozoids, swim actively and shed gametes. Upon fertilization, a planctonic planula larva develops which, on the appropriate substrate, will metamorphose into a primary polyp, the founder of a new polyp colony. The medusa represents the sexual generation, and in contrast to the polyp it differentiates striated muscle, a more highly organized nervous system and different types of sense organs (Mackie, 1990) .We isolated one single Pax gene from Podocoryne carnea. It is most similar to Pax-B from other Cnidaria, and, as indicated before, resembles the predicted ancestral-type Pax gene with three conserved motifs. Expression analysis was performed by RT-PCR and whole mount in situ hybridization in all life cycle stages. Pax-B is present in unfertilized eggs and is continuously expressed during the development of planula larvae. In the polyp stage, Pax-B expressing cells are few and localized in the ectodermal layer mainly in the apical part of the hypostome. In the developing as well as in the mature medusa, however, particular Pax-B expressing cells are localized in the endoderm. Pax-B is neither expressed in striated muscle of the jelly®sh nor in isolated and cultured striated muscle cells. However, shortly after initiation of transdifferentiation to smooth muscle and nerve cells, isolated striated muscle cells express Pax-B, continuously. Our data suggest that Pax-B was recruited for neurogenesis of sensory cells rather than for myogenesis.
Results

Isolation of Podocoryne Pax-B
A 154 bp fragment was isolated from genomic DNA by low-stringency PCR with degenerated primers directed against two conserved regions in the paired domain. We analyzed a total of 170 clones. Of these, 12 clones were sequenced and turned out to be identical with the exception of some nucleotides within positions of the degenerate primers. All remaining clones were further analyzed by restriction digests with the endonucleases Xba I, Xho I and Hph I. As no differences were found we assume that only one single fragment was ampli®ed. Sequence analysis showed highest similarities to cnidarian Pax-B genes (Sun et al., 1997) and the Pax-2/5/8 subfamily . To extend the sequence information, a heminested PCR was performed with degenerate primers, which resulted in the isolation of a genomic fragment of 279 bp. The fragment was subcloned and sequencing of 26 clones revealed sequence identity suggesting that again only one fragment was ampli®ed.
A subsequent screen of a cDNA library yielded 5 l gt11 clones, which were subcloned and sequenced. Based on sequence comparisons, they all correspond to one gene (Fig. 1A) . The assembly of the cDNA sequences revealed that both start and stop codons were missing in the open reading frame. The sequence was completed by 5 H RACE and 3
H RACE PCR (Fig. 1B) . The open reading frame reveals a protein structure typical for Pax-B proteins, encoding a paired domain, an octapeptide and a homeodomain. The full-length Pax-B cDNA includes a putative polyadenylation signal down-stream of the in-frame stop codon and stop codons in all three reading frames in front of the initiator methionine (Fig. 1B) .
No alternative splice variants were detected neither on Northern blots nor by RACE analysis and the length of the cloned cDNA corresponds well to the detected mRNA on Northern blots, assuming that a poly(A)-tail of a few hundred nucleotides is missing ( Fig. 2A) . Genomic Southern blots were probed at moderate stringency. The results suggest the presence of one single Pax-B gene in the genome of Podocoryne (Fig. 2B) . 
Conserved regions and phylogenetic relationship
An alignment of paired domains is shown in Fig. 3A . The paired domain of Podocoryne Pax-B is most similar to cnidarian Pax-B paired domains. The degree of conservation within the paired domain of Pax genes from other phyla is remarkable: more than 80% identity to Pax-2/5/8-like paired domains, more than 70% identity to Pax-6-like paired domains and about 70% to other paired domains. Like in all other Pax proteins, the substitutions are mainly found in the ®rst part of helix 1, in helix 4 and at the beginning of helix 6. Moreover, the positions of phosphate backbone DNA contacts and for contacting major and minor grooves are perfectly conserved in the Podocoryne Pax-B paired domain and suggest DNA binding capacity.
The second DNA-binding motif in Podocoryne Pax-B, the homeodomain, is also conserved (Fig. 3B ) and the serine at position nine of helix 3 (position 50 in Fig. 3B ) identi®es it as a paired-type homeodomain (Gaillot et al., 1999) . The Podocoryne Pax-B homeodomain is most similar to its cnidarian counterparts encoded by the Pax-B-type genes. The degree of identity compared to the homeodomain of Drosophila paired (60%), murine Pax-7 (57%) or Pax-6 (53%) is noteworthy, and again, DNA contact positions are completely preserved.
A stretch of 57 amino acids separates the octapeptide from the paired domain (Fig. 1B) . The octapeptide most resembles that of mammalian Pax-2 (Fig. 3C ). The octapeptide of mammalian Pax-2 and Pax-8 has been shown to act as a transcriptional activator (Lechner and Dressler, 1996) . However, outside of the paired domain, the octapeptide and the homeodomain, no sequence homologies to other Pax genes are identi®able.
Phylogenetic analysis was computed with the paired domain sequences shown in Fig. 3A whereas Drosophila EYEGONE was omitted due to its incomplete paired domain. As depicted in Fig. 4 , Podocoryne Pax-B as well as Hydra Pax-B and the sponge Pax cluster with the sequences of higher metazoa while the cnidarian Pax-A and Pax-C branch off. Together with their protein structure consisting of a paired domain, an octapeptide and the homeodomain, this suggests that cnidarian Pax-B are ancestortype Pax genes.
Expression of Pax-B during the life cycle of Podocoryne
Expression analysis by RT-PCR demonstrated that
Podocoryne carnea Pax-B is expressed at all stages of the life cycle, namely in eggs, planula larvae, metamorphosing primary polyps, polyps and medusae (Fig. 5 , and data not shown). We analyzed Pax-B expression during medusa development in more detail. Medusae are produced from medusae budding polyps (gonozoids) by de novo differentiation (Boelsterli, 1977) . Medusa development was subdivided into 10 different stages (Frey, 1968) . At stage 10 the medusa is fully developed and ready to detach from the polyp. The transcript was detected from stage 2 on. Mature medusae were dissected into parts. The Pax-B message was missing in the interradial fragments of the bell and in tentacles without bulbs (Fig. 5B) .
By whole mount in situ hybridization, Pax-B transcripts were found in the entire ectodermal layer of planula larvae ( Fig. 6D ). At the polyp stage, both gasterozoids and gonozoids showed expression in single ectodermal cells scattered all over the body column but were predominantly detected in the hypostomal region ( Fig. 6A ,C). These cells are not clustered and their number and position varies among individual polyps.
In developing medusae buds, however, the transcript is found exclusively in the endodermal layer. Stage 6 buds show Pax-B expressing cells in the developing radial canals as well as in developing tentacle bulbs (Fig. 6G) . Initially, these cells are dispersed all along the interradial canals and subsequently concentrate in the developing tentacle bulbs as well as in single cells within the radial canals (Fig. 6H,I ). In mature medusae, the transcript is detected in tentacle bulbs, in radial canals and occasionally in the manubrium, the feeding and sexual organ of the medusae (Fig. 6J) . Remarkably, the Pax-B expressing cells in the tentacle bulbs as well as in the radial canals are all oriented towards the outside of the medusa (Fig.  6K,L) . It is noteworthy that cnidarians develop eyes of various complexity always at the margin of the bell, such as the eyes found in the class Hydrozoa and Cubozoa (see Section 3) or the eyes of scyphozoan Stauromedusae (Blumer et al., 1995) . ; Mm Pax-9, P47242), the sea urchin Paracentrotus lividus (Pl Pax-258, AF016884; Pl Pax-6, U14621), the fruit¯y Drosophila melanogaster (Dm EY, I45557; Dm TOY, Q9XZC2; Dm EGO, AF091739; Dm SPAR, O16117; Dm PRD, A26062; Dm GSBD, A43698; Dm GSBP, B43698; Dm POXN, A38153; Dm POXM, S06950), the freshwater polyp Hydra littoralis (Hl Pax-A, U96193; Hl Pax-B, U96193), the scyphozoan jelly®sh Chrysaora quinquecirrha (Cq Pax-A1, U96195; Cq Pax-A2, U96196; Cq Pax-B, U96197), the coral Acropora millepora (Am Pax-A, AF053458; Am Pax-C, AF053459) and the freshwater sponge Ephydatia¯uviatilis (Ef Pax-258, O96045). Dashes represent introduced gaps. Red arrows point to splice sites and black arrows in murine sequences indicate the position of introns in the respective human Pax genes. The secondary structure of the paired and homeodomain are shown on the top of the alignment (Qian et al., 1989; Wilson et al., 1995; Xu et al., 1995) . DNA contacts made by Drosophila PAIRED are shown below the ®gures: phosphate backbone contacts (p), major groove contacts (M) and minor groove contacts (m). 
Pax-B in transdifferentiating striated muscle cells
Striated muscle cells are exclusively found in the medusa bell of the medusa (Tardent, 1978) . This tissue is used for swimming: its concerted contraction accelerates the animal by jet propulsion. Striated muscle tissue can be isolated by microsurgery and upon activation, undergoes transdifferentiation in culture (reviewed in Schmid, 1992) . The activated striated muscle cells can transdifferentiate into a variety of other cell types, e.g. smooth muscle cells, nerve cells, gland cells, or they can even regenerate a manubrium (Schmid, 1992) . The transcript of Pax-B is neither expressed in freshly isolated striated muscle tissue nor in isolated, 3 days old non-activated striated muscle (Fig. 7) . However, upon activation by collagenase and pronase treatment (Schmid, 1992 ) the transdifferentiating cells start to express Pax-B within 1 h. The transcript is detected continuously in the transdifferentiating regenerates up to 19 days (Fig. 7) .
Discussion
The Podocoryne Pax-B gene codes for a 711 amino acids protein containing a paired domain, an octapeptide and a homeodomain. Although we can not exclude the presence of additional Pax genes in the genome of Podocoryne, our data from Southern hybridization and PCR experiments with various combinations of degenerated primers suggest the existence of only a single Pax gene. The Podocoryne Pax-B is most similar to Pax-B from the hydrozoan Hydra littoralis (overall identity of 46%; Sun et al., 1997) . A comparison with respective domains of Pax genes from higher animals shows highest sequence identities to the paired domain of human Pax-2 (84%) and to the homeodomain of Drosophila PAIRED (60%), human Pax-7 (58%) and Phallusia Pax-6 (55%), respectively. The C-terminal region is 150 amino acids long, and like Pax-6 proteins rich in proline, serine and threonine. The splice site in the ®rst codon of the paired domain is also conserved as is the case in many Pax-6 genes (Glardon et al., 1997) . This splice site is also found in the murine Pax-4/2/5/8 genes Pfeffer et al., 1998) Vorobyov et al., 1997) . Furthermore, many Pax-6 genes (Glardon et al., 1997) as well as human Pax3 and Pax7 (Macina et al., 1995; Vorobyov et al., 1997) share a conserved splice site between codons 46 and 47 of the homeodomain which is also present in Podocoryne Pax-B. Our data demonstrate that these two introns, one at position 1 of the paired domain and one between position 46 and 47 of the homeodomain, are very old. The introns date back to the Precambrian and existed in the ancestor of Pax genes prior to the separation of the Cnidaria from the Bilateria.
Podocoryne Pax-B and the ancestor-type of Pax genes
All cnidarian Pax sequences analyzed so far might be grouped into three classes: Pax-A, Pax-B and Pax-C. In a PCR survey for Pax genes, we analyzed various cnidarian species and a placozoan. All isolated fragments of the paired box can be grouped into two groups and at least two diagnostic amino acid residues can be identi®ed: alanine at position 67 and cysteine at position 93 of the paired domain distinguish Pax-A type from Pax-B and Pax-C type (Fig.  8) . As depicted in Fig. 3A , residue 67 of the paired domain contacts the DNA phosphate backbone. It is noteworthy that a cysteine at position 93 is exclusively found in Pax-A genes and in no other Pax gene described so far. Moreover, species speci®c Pax gene duplications occurred (Fig. 8) . Interestingly, a recent report on a freshwater sponge provides evidence for a Pax-B type gene in the freshwater sponge Ephydatia¯uviatilis (Hoshiyama et al., 1998) . However, its homeodomain and octapeptide are highly diverged (Fig.  3B,C) . We found evidence for a Pax-B-type gene in the placozoan Trichoplax adhaerens. Therefore, the presence (Tardent, 1978) . (B) Expression analysis by RT-PCR of Pax-B, the striated muscle speci®c homeobox gene Cnox1-Pc (cnox-1; Aerne et al., 1995) and the ubiquitously expressed elongation factor 1a (EF1a; Yanze et al., 1999) . Medusae were dissected into the following parts: tentacle, tentacle with bulb, manubrium (feeding and sexual organ) and interradial fragment (region between two radial canals comprising about one-quarter of the umbrella). Pax-B is neither expressed in tentacles nor in interradial fragments. Both gasterozoids and gonozoids express Pax-B. The last lane represents the negative control.
of a Pax-B gene is not only restricted to the phylum Cnidaria, but extends to the Porifera and Placozoa, the two most basal metazoan phyla. These data suggest that Pax-A genes arose after gene duplication in the phylum Cnidaria and the degree of divergence indicates that they were recruited for new functions (see Fig. 4 ). Pax-A genes have then evolved speci®cally in cnidarians upon gene duplication. Subsequent loss of the homeodomain and the octapeptide are good examples for evolutionary tinkering (Jacob, 1977) , a process in which available genes are duplicated and bits and pieces reshuf¯ed. A similar process is documented for vertebrate Pax genes in which only a partial homeobox is present in Pax-2/5/8 genes, whereas the homeobox is completely lost in Pax-1/9. Recently, a Pax gene from the coral Acropora millepora (Anthozoa) was reported to encode both, a paired domain and a homeodomain (Catmull et al., 1998) . The latter differs clearly from other cnidarian Pax genes, consistent with the basal position of the class Anthozoa within the Cnidaria (Bridge et al., 1995) . However, no data from the linker region of Acropora Pax-C are reported, and hence, the possibility of the presence of an octapeptide cannot be excluded. This view suggests the evolution of cnidarian Pax genes as follows: (i) the Pax-B class considered to be the ancestral-type encoding all three conserved motifs: a paired domain, an octapeptide and a homeodomain as suggested by Balczarek et al. (1997) ; and (ii) the Pax-A and Pax-C class representing the result of an early gene duplication followed by the subsequent divergence and/or loss of the homeodomain and/or octapeptide. Other examples of reshuf¯ing are egl-38 which encodes a Caenorhabditis elegans Pax protein with a paired domain and an octapeptide most similar to Pax-2/5/8 proteins, but lacking a homeodomain (Chamberlin et al., 1997) . This might suggest that selection pressure was exerted preferentially on the paired domain and the octapeptide. However, recent data from the Drosophila Lune/eyegone protein show that the paired domain can also be lost in the course of evolution (Jun et al., 1998) .
Pax-B expression in Podocoryne carnea
Pax-B is expressed throughout the life cycle of Podocoryne. Our data suggest that Pax-B is present as maternal message in unfertilized eggs. The expression in the entire ectoderm in the planula larvae is dif®cult to interpret. Although different types of nematocytes and nerve and smooth muscle cells are present in 30 h old larvae (Gro Èger and Schmid; unpublished), we never observed single Pax-B expressing cells. Nevertheless, the presence of maternal Pax-B message in unfertilized eggs indicates that Podocoryne Pax-B is translationally or post-translationally controlled. Unfortunately, no functional assay system is available for cnidarians to unveil causal relationship between molecules and their functions and, therefore, the role of Pax-B in the planula remains elusive.
In the polyp stage, the few Pax-B expressing cells are located exclusively in the ectodermal layer. A simple twolayered tissue organization characterizes the polyp. The outer ectodermal layer is composed of epitheliomuscular cells, nematocytes, nerve cells and small undifferentiated cells, the so-called I-cells. The ectodermal nerve cells are scattered and form a plexus. Although well-developed sense Hoshiyama et al., 1998) , the hydrozoans Hydra littoralis (Hl; Sun et al., 1997) , Hydra magnipapilata (Hm; Hoshiyama et al., 1998) , Polyorchis penicillatus (Pp) and Podocoryne carnea (Pc), the scyphozoans Chrysaora quinquecirrha (Cq; Sun et al., 1997) and Aurelia aurita (Aa), the cubozoan Carybdea marsupialis (Cm) and the anthozoan Acropora millepora (Am; Catmull et al., 1998 ) are compared. Positions 67 and 93 of the paired domains are characteristic for Pax-A-type proteins and are marked by arrows. organs are absent in polyps, the simple organized nervous system performs remarkable tasks such as catching and devouring of prey or allowing self-recognition (Tardent, 1978) . Position and shape of the Podocoryne Pax-B expressing cells identi®es them to be either I-cells or nerve cells. Icells from Podocoryne are based on their size, shape and ultrastructure very similar to those described in Hydra (Boelsterli, 1977) . In Hydra, I-cells are absent from the tentacles (Tardent, 1978) . However, we found occasional expression of Pax-B in ectodermal cells of tentacles suggesting that Podocoryne Pax-B is expressed in nerve cells. Moreover, the apical concentration rather than disperse localization indicates that these cells may ful®ll sensory functions since the nervous system covers the entire polyp (Grimmelikhuijzen, 1983 (Grimmelikhuijzen, , 1985 Gro Èger and Schmid, 2000) . The type of stimuli recognized by these particular nerve cells is unknown, but studies on Hydra demonstrated that the polyp reacts to light stimuli (Tardent and Frei, 1969; Tardent et al., 1976) .
The expression pattern of Pax-B in medusae is endodermal. The detection of Pax-B in developing medusae buds at stage 2 coincides with the formation of the lumen of the radial canals (Frey, 1968) . Whole mount in situ hybridizations, however, detect Pax-B expression from medusa bud stage 6 on and in the mature medusa within the manubrium, in the lumen of radial canals and in tentacle bulbs (see Fig.  6J±L ). The nervous system of the medusa is well developed (reviewed in Mackie, 1990) . In Podocoryne carnea, nerve cells of the radial canals connect the nervous system of the manubrium, the feeding and sexual organ, to nerve rings close to the ring canals at the margin of the bell. From there, several axons run in parallel in the ectoderm of the tentacle bulbs and connect to the plexus in the tentacles. No visual system is known in Podocoryne carnea. However, many hydromedusae have eyes of various complexities from simple eye-spots and eyecups to complete eyes with lenses (Singla, 1974; Hertwig and Hertwig, 1878) . The cnidarian ocelli are always located at the outer periphery of the umbrellar margin. They are composed of two cell types, pigment cells and photoreceptor cells and are ectodermal or endodermal depending on the origin of the pigment cells (Linko, 1900; Bouillon and Nielsen, 1974) . Although the Podocoryne medusa is, like most cnidarian species, positively phototactic, further studies are needed to identify photoreceptor and pigment cells in this hydrozoan. Nevertheless, the position at the periphery and the localization close to the tentacle bulbs of the Pax-B expressing cells is striking. The distinct single cells in the radial canal, which express Pax-B, have not been described yet. However, vital staining experiments with reduced methylene blue used to identify nerve and sensory cells (Batham et al., 1960 ) also identi®ed single cells in the radial canals (Gro Èger and Schmid, 2000) in a similar position as the Pax-B expressing cells (Fig. 6L ). This would imply that these particular cells belong to the nervous system. Further expression analysis of Pax-B in hydromedusae or cubomedusae with well-developed ocelli will contribute to our understanding of the extend to which pigment and receptor cells express Pax-B genes. These data contribute to our understanding of the role of an ancestral-type Pax gene in the formation of visual systems prior to the evolution of the different Pax gene families such as the Pax-6 orthologues.
The role of Pax-B during transdifferentiation of striated muscle cells
The medusa-speci®c striated muscle cells differentiate de novo from an inner cell mass in the developing medusa bud. Expression of a striated muscle speci®c myosin heavy chain (Aerne et al., 1995) and a tropomyosin Tpm2 (Gro Èger et al., 1999) occur from stage 2±3 on. The typical myo®brils begin to differentiate at bud stage 3 (Boelsterli, 1977) . Pax-B is not expressed in developing or fully differentiated striated muscle cells. This implies that only in higher animals Pax genes were recruited for myogenic differentiation . However, if striated muscle tissue is isolated and activated for transdifferentiation, the cells start to express Pax-B within 1 h (Fig. 7) .
During the process of transdifferentiation in Podocoryne, smooth muscle cells differentiate ®rst, and upon DNA replication, nerve cells appear (Schmid et al., 1988) . Pax-B expression precedes both the start of DNA replication and formation of new cell types. In the developing vertebrate central nervous system, Pax genes are expressed in either mitotically active cells (Pax-3/6/7, encoding a complete homeodomain) or in post-mitotic cells (Pax-2/5/8, with a partial homeodomain) (reviewed in Tremblay and Gruss, 1994) . In Podocoryne, however, the onset of Pax-B expression precedes cell division.
We found only a single Pax gene in the genome of Podocoryne carnea. Together with the presence of all three conserved motifs, this gene comes close to the predicted ancestor of the Pax gene family (Balczarek et al., 1997) . The expression data suggest that Podocoryne Pax-B is required early in differentiation of the nervous system. Moreover, Pax-B expression appears to be restricted to apical cells of the polyp and to cells in the periphery of the medusa bell where sensory nerve cells are positioned. Basal animal phyla evolved the ®rst Pax genes and evolutionary radiation was accompanied by an increase of new and divergent Pax genes (Balczarek et al., 1997) . If we consider the important and diverse functions of Pax genes in the developing sensory systems of higher animals, it seems that the morphogenetic pathways of these sensory systems are very ancient.
Experimental procedures
Animals
Polyp colonies of Podocoryne carnea were cultured in arti®cial seawater as described (Schmid, 1979) . Medusae were sampled overnight. To obtain planula larvae, about 20 female and one to two male medusae were kept in 25 ml sterile ®ltered sea water. Gametes were released at 228C at dawn. Beginning of the ®rst cleavage was observed about 50 min thereafter. Planula larvae were induced to metamorphose 4±6 days after fertilization as described (Mu Èller and Buchal, 1974) .
Striated muscle tissue
Tissue fragments consisting of mononucleated striated muscle cells were isolated and activated for transdifferentiation as reviewed in Schmid (1992) .
Puri®cation of nucleic acids
Molecular biological methods were according to Sambrook et al. (1989) , if not mentioned explicitly. Genomic DNA and total RNA were isolated with TRI Reagent (Molecular Research Center, Inc., Cincinnati) following the manufacturer's recommendations. Poly(A)
1 RNA was either isolated with the Quickprep Micro mRNA puri®ca-tion kit (Pharmacia Biotech) or with Dynabeads (Dynal, Oslo) according to the manufacturer's protocols.
Ampli®cation by the polymerase chain reaction (PCR) and screening of libraries
Paired box fragments were ampli®ed from genomic DNA of Podocoryne carnea or various other species with different sets of degenerated primers. One set of primers was directed against two highly conserved regions common to most paired domains described so far and corresponds to amino acid sequences YYETG (PRD X5) and WEIRD (PRD 33) (Loosli et al., 1996) . Two additional sense primers were used to extend the ampli®ed DNA fragment towards the 5 H end by hemi-nested PCR. These primers correspond to the amino acid sequences NQLGG and GRPLP and were biased to an A/T-rich genome. They contain an XhoI site at the 5 H end and have the following sequences: GGG CTC GAG AA(T/C) CA(A/G) (C/T)T(A/C(G/T) GG(A/C/T) GG (PaxF1) and CCG CTC GAG GG(A/C/G/T) AG(A/G) CC(A/C/G/T) CT(A/C/G/T) CC (PaxF2). The PCR reaction was performed in 100 ml reaction mixture containing 0.5 mg Podocoryne carnea genomic DNA, 0.1 mM (each) primer, 2 mM (each) dNTP, 2.5 units Taq DNA polymerase and 10 ml 10£ PCR buffer (Pharmacia Biotech).
The primer combination PaxF2 and PRD 33 resulted in the isolation of a 279 bp fragment covering part of the paired box. This fragment was used to generate [ 32 P]-labeled DNA probes (Megaprime Amersham). Plaques (900 000) of a random primed l gt11 cDNA library made from mRNA from gasterozoids, gonozoids and medusae were screened and resulted in the isolation of 5 cDNA clones. Hybridization was performed in 35% deionized formamide, 5£ SSC, 5£ Denhardt's, 0.5% SDS, 100 mg/ml denatured Salmon sperm DNA at 428C for 24 h followed by one wash for 5 min at RT in 2£ SSC, 0.5% SDS, one wash for 15 min at RT in 2£ SSC, 0.1% SDS and two washes for 30 min at 608C in 0.1£ SSC, 0.5% SDS.
One isolated cDNA, 203II (see Fig. 1A ), which covered the entire homeobox and about 90% of the paired box, was used to generate double stranded digoxygenin-labeled DNA probes to screen a l GEM11 genomic library according tò the DIG system user's guide for ®lter hybridization' (Boehringer Mannheim). The screen of 300 000 plaques resulted in the isolation of 12 genomic clones.
RACE (rapid ampli®cation of cDNA ends) experiments were performed on cDNA prepared from mRNA of gonozoids, medusae and planulae with the Marathon cDNA ampli®cation kit (Clontech). Both 5 H RACE and 3 H RACE experiments were carried out as nested PCRs applying the Expand long template PCR system (Boehringer Mannheim) in combination with appropriate nested primers delivered with the Marathon cDNA ampli®cation kit (Clontech). The primers for the 5 H RACE were TGC TTC CTG ATC CCA AAC GAT TTC G (PPR), nested with TTG AAT TGA CAC CGC CAT GAC CAG CC (PP2R). The primers for the 3 H RACE were ACT CCA TAC CCT GAT GCT GTA CAG CGT G (PP5F-3), nested with CAA ATT CCA GAG GCT CGT GTA CAG GTT TGG (PP5F-4). PCR fragments were cloned into pCRII-TOPO vector (Invitrogen).
Sequence and phylogenetic analysis
Sequencing of both strands was performed with the dRhodamine terminator cycling kit (Perkin Elmer) in combination with halfTERM reagent (GENPAK, Brighton) and an ABI Prism 310 Genetic Analyzer (Perkin Elmer). Nucleotide sequences were analyzed using the GCG software package V9.1 in conjunction with the most current nucleotide and protein databases. Phylogenetic analysis was performed using ClustalX (Jeanmougin et al., 1998) .
The Podocoryne Pax-B sequence has been submitted to GenBank (accession number AJ249563).
Genomic Southern blot
Digests of 5 mg of genomic DNA from Podocoryne carnea with appropriate endonucleases were resolved by gel electrophoresis and transferred onto nylon membranes (Hybond-N1, Amersham). Preparation of double-stranded digoxygenin-labeled DNA probes and hybridization in standard hybridization buffer was performed following the protocols provided by Boehringer Mannheim. The 375 bp long probe corresponds to amino acid positions 82±203 in Podocoryne Pax-B and spans most of the paired box. Hybridization temperature was 428C. Posthybridization washes were done twice for 5 min in 2£ SSC, 0.1% SDS at RT and twice for 15 min in 0.5£ SSC, 0.1% SDS at 508C. Chemiluminescent detection was performed with CSPD (Disodium 3-(4-methoxyspiro{1,2-dioxetane-3,2 H -(5 Hchloro)-tricyclo[3.3.1.13
H 7]decan}-4-yl)phenyl phosphate) according to the recommendations of Boehringer Mannheim.
Expression analysis with RT-PCR and whole mount in situ hybridization
Coupled reverse transcriptions and PCR ampli®cations (RT-PCR) were carried out as one tube experiments as described (Yanze et al., 1999) . Brie¯y, the reactions were set up on ice and contained 1£ Taq polymerase buffer and 0.5 units AmpliTaq DNA polymerase (Perkin Elmer), 0.2 units reverse transcriptase M-MuLV (Boehringer Mannheim), 4 units RNasin RNase Inhibitor (Promega), 200 mM (each) dNTP and 200 nM (each) primer. Cycling parameters were: one cycle at 428C for 30 min and 948C for 2 min, followed by 25±40 cycles with 948C for 30 s, 628C for 30 s and 728C for 1 min and a ®nal elongation cycle at 728C for 7 min.
Whole mount in situ hybridization experiments were performed as described . A plasmid containing the cDNA 203II (see Fig. 1A ) was used as a template to generate digoxygenin-labeled sense and antisense RNA probes by in vitro run-off transcription.
